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FLIGHT ANDPREFLIGHT EVALUATION OF AN AUTOMATIC

THRUST-COR?F’ICIENTCONTROL SYSTEM IN

A TWIN-ENGINE RAM-JEW MISSILE

~ By H. Rudolph Det~ler and Otto F. Trout,,Jr.

A flight and preflight evaluation has been made of an automatic
tbru.st-coefficient control system in a twin-engine ram-set missile. A

flicker-type single-loop servocontrol system, Which controls ram-jet
diffuser recovery through the use of a fuel regulator, is shown to be a
shple and workable scheme of controlMng ram-jet thrust coefficients.

Preflight tests at a Mach nuuiberof l.~ indicate the system to be
stable and capable of maintaining the engine thrust coefficient between
0.725 and 0.*8at a particular control pressure-ratio setthg. I?W@t.
data showed that.the thrust coefficient varied from O.% to 0.68 over a
range of Mach nuniber. Combustor blowout occurred in flight a+ a free-
stream Mach nuniberof 3.06 and an altitude of 67,95o feet.

INTRODUCTION
.

!

The primary function of a ram-jet thrust control system is to main-
tain a set o-fconditions by supplying the proper fuel flow to the engines.
Such a regulator should possess the qualities of simplici~, reliability,
and capability of maintaining conditions within the operating Mmits of
the engines. ~ particular,.diffuser instability should be,avoided and
the rich and lean fuel-ah ratio limits of the combustor should not be
exceeded.

I
h the past, several methods of thrust regulation have been suggested.. 1

The most common of these is a scheme for direct metering of the fuel-air
ratio. Such a system can become complex because compensating devices for
changes in free-stream temperature, pressure, ad lhch nuniberare necessary.
In addition, diffuser stabilim Mnits are not directly avoidable. Ram-
jet control systems may also be operated by use of diffuser pressure
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recovery. In reference 1 a scheme of ttis type is proposed, in which
the fuel control system essentially maintains a constit engine thrust
coefficient by controlling the ram-jet-diffuser pressure recovery. Such
a system is not affected by the changing free-stream temperature and
pressures under which the engine is required to operate. This ram-jet
thrust control system was conceived because ram-jet thrust is directly
related to cortibustor-entrancetotal pressure. Reference 2 presents ana-
lytical and experimental analyses of the relationship between jet thrust
and diffuser perfommnce.

The purpose of this paper is to describe the thrust-coefficient con-
trol system and present data from both flight and preflight tests. Per-
formance and operating characteristics of the regulator are presented
for a range of l.@chnunibersand altitudes encountered by the test vehicle
during free flight. The design, development, and evaluation of a closed-
100P thrust-coefficient control system, utilizing diffuser pressure recov-
eries, has been undertaken by the Langley Pilotless Aircraft Research
Division in conjunction with the ram-jet flight research program.

The NACA twin-engine test vehicle described in references 3 and 4
has been found satisfactory for this program, having the advantages of
small size, accessibility, stable conibustionto an altitude of over
60,000 feet, and a self-pressurized fuel system.
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area, sq ft

servo damping-to-inertia ratio, per second

dimensionless amplitude factor

external drag coefficient, based on + = 0.462 sq ft

t-t coefficient, based on combustion-chaniberarea of both
engines, 0.462 sq f-t

acceleration due to gravi~, 32.2 ft/sec2
.

total pressure, lb/sq in. abs

pressure behind normal shock, lb/sq in. abs

control pressure ratio
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M Mach number

P static pressure, lb/sq in. abs

P* control

AP contiol

To aibient

T average

static pressure ahead of sonic orifice

pressure differential, q - Px

static temperature, oF ahs

time lag between instantaneous control

3

signal and
control differential pressure reversal~ sec

Ehibscripts:

o free stream

1 diffuser inlet

2 diffuser exit, conibustion-chanberentrance

3 conihustion-chsaiber

4 nozzle exit

exit

APPARATUS

Test Vehicle

The test vehicle with twin ram-jet engines installed on the tail sur-
faces is shown in figure l(a). The vehicle weighed 258 pounds including
25 pounds of gaseous ethylene fuel. Except for an automatic fuel control
system, the vehicle was similar to that discussed in references 3 and k.
The test vehicle and booster are shown in the launching position in
figure l(b).

In order
test range, a
nose section.
These canards
at which time

—

to prevent the test vehicle from going beyond an allowable
set of retractable canard surfaces was instalJed in the
Figure l(c) shows the canards in the extended position.
remained within the nose until 70 seconds after take-off
they were extendedby the opening of an electrically actu-

ated lock. The c&ards were designed with sufficient area to make the
vehicle aero=cally unstable.
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Ram-Jet Engines

Two identical ram-jet engines mounted on the horizontal tail surfaces
were 6.6 inches in diameter, 52.30 inches long, and weighed 36.5 pounds
each. The inlets, designed for ~ = 2.15, and the burners are identical

to those described in references 3 and h. A sectional view of the engine
is presented in figure 2. A supersonic exit nozzle w5th a contraction
and expansion ratio of 0.78 and 0.76j respectively, was used.

Thrust-Coefficient Control System

The basic principles of the automatic control system have previously
been described for ram-jet applications in reference 1. The system uti-
lizes an on-off type of servocontrol which has residual oscillations
during steady-state operation. A schematic diagram of the control sys-
temis shown in figure 3. By using the ram-jet diffuser-exit total pres-
sure H2 and measured pitot stagnation pressure q relationship, the

fuel-control valve regulates to a constant engtie thrust coefficient at
any given flight Mach ntier. This thrust-coefficient control is accom-
plishedby maintaining a desired ratio between the measured pitot stagna-
tion pressure ~ and the ram-jet diffuser-exit total pressure ~.

b order to operate the engine at a pressure greater than normal-
shock pressure recoveries, a sonic bleed orifice was used on the diffuser
pressure line. This sonic orifice was so adjusted that em average ratio
of 0.925 was maintained between the diffuser total pressure rake and the
static pressure ahead of the sonic orifice. Inmaldng this ~justment
the line losses between the rake and bleed orifice were taken into account.
The control pressure ratio ~/H2, then, fixed the operating engine dif-

fuser recovery Hp~ which in turn established the thrust coefficient
at a given Wch number.

The system uses the measured diffuser-exit pressure from only one
engine.

A sensitive zero-differentialpressure switch is used to compsre
the measured ~ and Px. Figure 4 shows a schematic drawing of the

zero-differentialpressure switch. The body of the switch was constructed
of aluminum. A sensitive meta13ic diaphragm was used to make an electri-
cal contact. When the ratio of Px~ is greater than 1, a signal is

given to the relay which in turn controls the servomotor. Then the motor
rotates the sleeve valve to decrease the free port area to each engine
for lower fuel flows. The reverse sequence occurs when the ratio P~/Hn
is less than the 1.

-, ..,,.
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With this flicker-me system, no null point
servomotor will.centinuously nm in one direction
duces residual hunting.

Fuel Control Valve

5

exists; therefore, the
or the other and pro-

The fuel-control-valve assenbly.serves four functiohs:

(1) As a quick-open@g, electric-sqtid-operated,bypass starting
valve

(2) As a qpick-opening, squib-operated,main flow port

(3) AS a variable flow control valve for regulating engine fuel
flow

(4) As a distributing manifold to
each engine

The complete valve assenbly with motor

supply equal fuel rates to

drive weighed 7 pounds. Photo-
graphs of the asseriibledand disasserribledvalve are shown as figure 5.

The quick-ope~ starting valVe supplies a reduced fuel flow to
each engine during the ram-Jet ignition period. This reduced fuel flow
is necessary, because the engines, which are ignited during the vehicle
boost period, will not ignite reliably at the normal operating fuel rates.

The main port opens shortly after the starting bypass port opens;
a condition which allows the engines to operate at the normal-flow rate
determined by the open area of the variable fuel control valve.

The bypass and main fuel ports are opened at predetermined intervals
by electric delay squibs fired at zero time on the launcher after the
booster iS fired. Both of these valves are actuated by the pressure from
the operative sqtib acting on a piston attached to the valve.

The motor-driven rotary sleeve valve was designed to produce a
32.5 percent
area provide

change h open-area per second. Septiate poz+s of equal
each engine with eqzal fuel rates.

Booster

A sketch of the multirocket-booster asse&dy is presented in fig-
ure 6. Three JM?O 3.5 ES-nOO rocket motors each with a total impulse of
18,000 pound-seconds, were mounted in a clmter and fired simultaneously.
The forward ends of the rocket motors were mounted in a magnesium casting,

—.— ---- —.. —.... ——. — . . . . —— —— ——-- .-— ..--.-—— ..—



-.

6

which also served as a coupling to the test vehicle. The rearward ends
of the rockets were joined by the fin structure. !lhreebooster fins,
each with an exposed area of 3 square.feet, were spaced 120° apart.

Preflight Jet l%cility

The preflight tests of the twin rsm-~et engines were conducted in
the 12- by X2-inch, M = l.~ preflight jet at the Langley Pilotless
Air&raft Research Station at Wallops Island, Va. Sea-level tests-and
simdated pressure-altitude conditions up to approximate~ 8,~0 feet
were performed by controlling the tunnel pressure. Figure 7 shows the
twin-engine installation in the M= 1.84 preflight jet.

INs~oI? AND MErEKIos

Preflight Measurements

The internal rsm-jet pressures measured in each engine (fig. 2) were
the diffuser-exit total pressure, the combustion-chsmiber-exitstatic pres-
sure, and the fuel injection pressure. The diffuser-exit total pressure
was measured by a manifold rake which was perpendicular to the plane of
the innerbody strut. The sonic bleed orifice was attached to the line
which connected one side of the diffuser pressure switch and the dif-
fuser rake from one engine (fig. 3). The opposite side of the pressure
switch was connected to a probe mounted in the jet stream between the two
inlets. Fuel flow control characteristicswere evaluated by recording
the fuel tank pressure, injection pressure, control pressure differen-
tial Hn - Px, pressure-switch signal, and valve position compared on a

time basis with internal engine characteristics. Both engines were mounted
on a strain-gage beam balance which recorded the thrust in excess of drag
during codmstion. From these measured quantities, the engine thrust
coefficients, air-mass flows, and total pressure recoveries were deter-
mined in the same manner as that reported h reference 5.

Frior to flight testing, the control system was evaluated with the
actual test-vehicle engines mounted in the I-2-by I-2-inch, M = loti pre-
flight jet as shown in figure 7. Aprelhdnary study of the expected
flight conditions showed that the minimum speed expected with the use of
the multirocket booster was M = 1.90. The system was therefore tested
atM= l.& in order to impose an even more critical pressure-recovery
condition for the control tests. The fuel-control equipment from the
model was mounted near the engines, out of the jet airstream. Fuel lines
and control-pressurelines were made to approximate the length and size
of those in the test vehicle.

— .—
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Three different tests were conducted at M = 1.8+. The first test
of the control system used constit fuel pressure and densi~ along with
constant tunnel free-stream static pressuxe. The second test was con-
ducted with constant fuel pressure and densi~, with a variation of tun-
nel free-stream static pressure from 14.8 to 12.5 lb/sq in. abs. In the
third test, a fuel tank of eqpal capaci@ to that of the flight tank was
filled and used to supply fuel to the engines during the test. The tun-
nel free-stream static pressure was decreased in such a manner as to
approximate the static pressure expected in the early part of the flight
trajectory. A maximum pressure altitude of 8,OOO feet was simulated in
this mnner. Component parts of the fuel control system were made to
operate in the same sequence and under coriditionsapproxhating those
of the actual flight trajectory.-

Ram-jet ignition was achieved through the use of reduced fuel flow
and B codxzstor restriction as reported in reference 4.

Flight Wtrumentation

The flight pathof the test vehicle was obtainedby NACAmmiified
SCR 584 tracking radar during the first 40 seconds of,flight. Continuous-
wave Doppler radar near the launching site was used to measure veloci@
for the first 18 seconds of the flight.

An NACA nine-channel telemeter transmitted measurements of pitot
stagnation pressure, longitudinal acceleration, total pressure and static
pressure in the left engine, and control pressure differential AP = Hn - Px

in the right engine. The fuel-injection-pressuremeasurements of the con-
trolled engine and the differential pressure-switch signal were also telem-
etered. In addition, two low-range Instruments were used,to measure the
left-engine total pressure and the pitot stagnation pressure in the high-
altitude-flight region.

Balloons carrying radiosondes were released before and after take-off
in order to obtain atmospheric conditions which are plotted in figure 8.

Description of Flight Test

The flight test was conducted at the Langley Pilotless Aircraft
Research Station at Wallops Island, Va. The test vehicle was launched
at a 670 angle of elevation and was accelerated to M = 2.07 by the
booster. Fuel flow was started at 1 second after take-off. Ignition of
the engines occurred at 2.28 and 2.36 seconds after take-off, corresponding
to M= 1.67 ad M = 1.75, respectively. Booster separation occurred
at 3.10 seconds, and during the next 29 seconds the engines operated to
an altitude of 67,95o feet. Figure 9 presents the flight trajectory up
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to 100 seconds. A maximum Mach number of 3.14 was attained (fig. 10)
at 29.00 seconds after tie-off at an altitude of 60,700 feet.

Codmstion ceased at 31.28 and 52.24 seconds after take-off at
M = 3.06 for the’left and right engines, respectively. During the
period of 4 to 14 seconds, the fuel regulator was effective in con-
trolling the thrust coefficient in accordance with the thrust control
balance. After this period, no signals from the pressure switch or
movement of the controi valve were shown on the records. However, the
thrust coefficient remined approximately at the reqwlred ~lue durtig
the period from 14 to 32 seconds.

During the burning phase of the flight, a zero-lift trajecto~ was
mintained. After conibustorblowout, the vehicle coasted to a computed
peak altitude of 135,000 feet at a computed range of 32 miles (fig. 9).
During the coasting period, at approximately 70 seconds, the canard fins
were extended. Flight tra~ectory was computed on a zero-lift basis to
100 seconds based on the accelerometer data. After 100 seconds, the
accelerometer data became erratic, and because there was no basis for
computing the position of the test vehicle after this period, no further
data are presented. Telemeter signals were recorded, however, until the

test vehicle returned to earth which occurred ~minutes after take-off.

IUISJLTSAND DISCUSSION

Preflight Tests

The performance of a supersonic rsm-jet engine can be evaluated by
utilizing the relationship of the engine thrust coefficient, diffuser
recovery, and conitnzstion-chanberstatic-pressureratio at any free-stream
Wch nunibercondition- The basic principle of the thrust-coefficient
control system tested is based on the fact that ~~ and CT are

Urectly related regardless of free-stream temperatures and pressures.
Yigure Ii presents the experimental results of the twin ram-jet engines
at M= l.& free-jet conditions in terms of internal pressure ratios
and thrust coefficient for ~ = 405 and 382° T abs. These data show a

linear relationship up to diffuser instabili~. It is apparent that, by
controlling the engine diffuser recovery, the *t coefficient is
controlled.

The first preflight test was conducted under steady-state conditions
where the free-stream static pressure Po and fuel pressure and densi~

were constant. Tbis condition also served the purpose of calibrating the
control pressure sonic bleed orifice to give the proper pressure ratio

.
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and thrust coefficient. When the sonic orifice was sized the line pres-
sure losses up to the point of its attachment were taken into account.
Figure 12(a) presents a typical operating cycle for the steady-state
conditions where PO = 14.80 lb/sqin. abs and To = 386° F abs.

with
CT =

0.50

The data show that an average diffuser recovery ~~ of 0.855

variations from 0,840 to 0.865 and an average thrust coefficient
0.727 with variations from 0.~5 to O.~0 were maintained.

The control differential pressure ~ - Px which varied from

lb/sq in. to -0.50 lb/sq in. produced a signal for the fuel valve
to close &en the pressure-changed from plus to minus and vice versa.
A steady-state average period of oscillation of 1.33 seconds and a con-
trol pressure amplitude ofkO.501b/sqin. is indicated in figure 12(a).

Figure I-2(b)presents the results obtained with decreasing free-
stream static pressure and constant fuel pressure. These results show
that the diffuser recovery varied between 0.865 and 0.845 and the thrust
coefficient ranged from 0.725 to 0.748, whereas the free-stream static
pressure P. varied from 13.65 to X2.5 lb/sq in. abs in a period of
2.4 seconds.

The results of the preflight test simulating the early part of the
trajectory are presented in figure 13. This test was conducted with a
fuel system shilar to that used in the flight test by the use of a fuel
tank of equal capacity. The tunnel free-stream static pressure Po

varied from 14.8 to 11.1 lb/sq in. abs in a period of 9 seconds. When
the main fuel port opened, the control pressure switch gave an open sig-
nal because the vslve was not suppl~ng sufficient fuel flow. Between 3
and 5 seconds, at a free-stream static pressure of 14.15 lb/sq in. abs,
the system began to regulate. Automatic control was maintained to approxi-
mately 13.2 lb/sq h. abs at w~ch time the flow control vslve indicated
wide open because of insufficient fuel pressure in the tank. During the
control period, the fuel injection pressure remained nearly constant even
though the tank pressure was decreasing; however, after the valve reached
maximum open area, the injection pressure decreased. In the control region,
an average diffuser recovery of 0.850 and a thrust coefficient of 0.725
was maintained and the average control pressure ratio ~~ was 0.925.

A theoretical curve of diffuser recovery plotted against flight Wch
nunber is shown in figure 14 for different control pressure ratios, E&.
The experimental point obtained from the preflight tests is indicated and
shown to be below the diffuser-instabili~ limits.

The curves in figure
impossible to operate the

14 also indicate that at M= l.~, it wouldbe
engines without encountering diffuser instabili~

...—.—— .—- —
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at a control pressure ratio of less than 0.910; however, the selected
control pressure ratio of 0.925 Is shown to be entirely satisfactory
over a Mach ntier rsnge of l.& to 3.2. At the expected minimum boost .
veloci~ M = 1.9, a 4-percent msrgti in &Mfuser recovery exists. The
diffuser-instabili@ curve was obtain~ fhm experimental valves ,of
reference 5. The theoretical curves of figure 14 were obtatiedby the
methods presented in reference 2. The ram-jet diffuser must operate
supercriticdly in order for this type of control system to be effec-
tive. Additional limitations and mmltiications of this control system.
are discussed in detail in reference 1.

Flight Tests

The flight path of the test vehicle was
up to 40 seconds - extended to 100 seconds

obtained from tracking radar
after take-off by means of

accelerometer data. Flight Mach nurber plotted against time, as pre-
sented in figure 10, was obtaimed by three methods: (1) from CW Doppler
radar data extended by integration of the accelerometer data, (2) by use
of measured pitot stagnation pressure and alznosphericdata, and (3) by
integration of the accelerometer data. F@re 10 slso presents engine
air-mass flow plotted against time, calculated from Mach number, atmos-
pheric data, and inlet mass-flow databy methods presented in refer-
ence 5. The ram-set engines sustained conibustionwith ati rates varying
from 14.85 to 1.6o pounds of air per second per en@ne.

Rlgure 15 presents values of measured longitudhal acceleration
plotted agaimt time, for the ram-jet powered part of the flight. The
test vehicle maintained positive acceleration as long as both engines
maintained cofiustion.

Amaximum thrust coefficient of 0.69 and a minimum of 0.56 were
obtained for the flight, as shown in figure 16. A higher thrust coeffi-
cient was obtained at M = 1.W h the preflight tests because of the
characteristics of the control system below design Mach number of the
inlet. Reasons for this higher thrust coefficient are presented in
detail in reference 1. A fuel-air ratio of 0.056 at blowout was calcu-
lated for the measured thrust (from acceleration and drag data) for an
assumed cortibustionefficiency of 80 percent. No measurements were made
of fuel rate in fl&@t. A total impulse of 23,176 lb-see was obtained
between k and 31 seconds after take-off.

lHgures 17 and 18 show that the greatest variation in CT occurred

in the esrly part of the flight, where air and fuel densities were the
greatest. For the rsm-~et powered part of the fli@t, the thrust coeffi-
cient was we~ in excess of the drag coefficient (fig. 17).

.
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Figure I-8presents thrust coefficient, differential pressure, dif-
fuser recovery, free-stream Mach nuniber,free-stream static pressure, and
the control signal to the flow control valve plotted against the for a
part of the flight test. Examination of these data shows that the period
of oscillation of the system was approximately three times that encoun-
tered in the preflight tests, whereas the control-differential-amplitude
variation was about twice. A pressure-switch sensitivity ofti.25 lb/sq in.
was recorded during the flight.

It canbe seen in figure I-8 that the engine diffuser recovery is
decreasing with time, whereas the thrust coefficient is relatively con-
stant. This effect is causedby increasing flight Mach nuuiberdurhg
the period shown. Figure 14 showed the expected and actual recoveries
as a function of the flight Mach number. During the last part of the
flight, in the region from M= 2.95 to M = 3.1, t e diffuser recovery
was essentiald.yapproaching normal shock recoveries

1%& = l.0~, a

condition which inticates insufficient fuel flow.

An analysis of the flicker system, utilizing on-off signals, in
steady-state operation shows that various the lags affect the period
of oscillation and amplitude. Figure 19(a) presents the theoretical
characteristics for such a system presented in this paper. The direct
current motor has been represented by its characteristic damping-to-
inertia ratio and the remainder of the system, such as pressure switch
relay, valve, fuel flow response, and internal pressure-thrust lags, has
been represented as one single time lag. The preflight data indicated
this average system time lag to be 0.22 second. The method of analysis
used is that presented in reference 6.

tiasmuch as the valve position was not available from flight measure-
ments, figure 19(b) was prepared to show the relationship between control
valve amplitude, in degrees, and control pressure amplitude. This rela-
tionship then allows the pressure-amplitude curve of figure 19(a) to be
determined. It canbe seen that a ratio of approximately 2° per lb/sq in.
exists for the preflight test conditions. Good agxeement -sts between
the analytical and experimental data.

Because the flight analysis indicates that the control system oper-
ated with a period of 4 seconds and an amplitude of 1 lb/sq in., the
actual system time lag had to be greater than that measured in preflight
tests. l?romthe theoretical curve, these values of period and amplitude
indicate an approximate time lag of 0.90 second. No explanation of this
appsrent increased the lag is known. Although the control-system time-
lag characteristic differed in flight from that experienced in preflight
tests, no harmful effects are noted on the operation and performance of
the thrust-coefficient control system.

.—..- —.——————
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NAC!ARM L53K13

SUMMARY OF RESULTS

of a ram-jet thrust-coefficient control sys-
tem, a characteristic of which is residual oscillations in steady-s~te
operation, the following facts were observed from preflight and flight
tests.

(1) Satisfactory control-system performance was obtained during
preflight tests. The diffuser total pressure was maintained within
W.50 lb/sq h. during the tests.

(2) Satisfactory operation of the control system was obtatied during
flight for a period of 14 seconds. The diffuser-exit total pressure was
maintained within *1.O lb/sq in. during this period. Although there was
an increase in time lag and amplitude of the system, compared with pre-
flight tests, no hsrmful effects resulted.

(3) Satisfactory operation of the differential pressure switch was
obtained throughout the flight with a sensitivi~ of ti.25 lb/sq ti.

O*56
tude
from

(4) During the flight, the engine thrust coefficient varied from
to 0.69. The ram-jet powered part of the flight.covered an alti-
range from near sea level to 67,95o feet and a Mach nuuiberrange
2.02 to 3.14.

(5) Ram-jet cotiustion ceased.at a Mach number of 3.06 with an
engine air-mass flow of 1.6o pountisper second at an ~titude of
67,95o feet. A fuel-ah ratio of O.0~ based on measured thrust and
an assumed conibustionefficiency of 80 percent were computed for these
Conllttions● During the period from 4 to 31 seconds after take-off, a
total impulse of 23,176 Ib-sec was delivered by the two ram-jet engines.

Langley Aeronautical Laboratory,
National Adtisov Committee for Aeronautics,

Langley Field, Vs., October 28, 1953.
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l?igure3.- Schemtic diagram of automtic thrust-coefficient control system.
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